Intense laser pulses have recently emerged as a tool to tune between different orders in complex quantum materials. Among different light-induced phenomena, transient superconductivity far above the equilibrium transition temperature in cuprates is particularly attractive. Key to those experiments was the resonant pumping of specific phonon modes, which was believed to suppress the competing orders and induce superconducting phase coherence. Here, we present a comprehensive study of photo-induced nonequilibrium response in heavily underdoped YBa 2 Cu 3 O 6. 45 . We find that upon photo excitations, Josephson plasma edge in the superconducting state is initially removed accompanied by quasiparticle excitations, and subsequently reappears at frequency lower than the static plasma edge within short time. In the normal state, a much weaker edge-like shape is indeed induced by pump pulses in the reflectance spectrum and sustains even above room temperature. We compare the pump-induced effects between near-and mid-infrared excitations and exclude phonon pumping as a scenario for the above photo-induced effects. We further elaborate that the very weak edge structure is unlikely to be explained by photo-induced transient superconductivity. High-T c superconducting cuprates are highly anisotropic materials. The conducting CuO 2 layers are usually separated by insulating block layers, leading to insulator-like c-axis dc and optical responses in the normal state. The low frequency c-axis optical spectra of HTSC are dominated by the infrared active phonons with little contribution from free carriers. However, when the cuprate system goes into superconducting state, a very sharp plasma edge suddenly develops in the c-axis reflectivity spectrum. The plasma edge is caused by the condensed superfluid carriers via Josephson tunneling effect, which is referred to as Josephson plasmon [1][2][3] . Manifestation of such c-axis
hensive NIR and MIR pump, c-axis terahertz probe measurement on an underdoped YBa 2 Cu 3 O 6.45 (YBCO) superconductor with T c =35 K. We aim at addressing two critical issues with respect to the photo-induced effect in cuprates, that is, whether the phonon pumping is essential in inducing the effect, and whether the induced edge-like effect in reflectance spectrum could be unambiguously attributed to transient superconductivity? We elaborate that the present study does not favor positive answers to those questions.
Details of sample growth and spectral measurements are presented in Appendix A. Figure 1 (a) shows the broadband reflectivity spectra R(ω) of YBCO along c-axis, which was measured by Fourier transform infrared spectrometers (Bruker 113v and Vertex 80v) in combination with a time domain THz spectroscopy system. Similar to the previous results reported on the same doping level 21 , the out-of-plane spectra behave in an insulating manner, with low reflectivity governed by phonons in FIR region. Among all those phonons, the one locates near 650 cm −1 , which is assigned as an A 2u mode involving the bonds between apical oxgens and copper atoms 22 , has been drawing increasing attention for it may be related to the enhancement of superconductivity in Fig. 1 (a) ), all optical constants in such a broad range can be obtained through Kramers-Kronig transformation. In our pump-probe experiments, two selective pump wavelength are used to interrogate the pump-induced change in THz regime.
MIR pump pulses are tuned to 15 µm (667 cm −1 ) in order to resonant with the phonon near 650 cm −1 , and NIR pump pulses are set to 1.28 µm (7810 cm −1 ) whose energy scale is notably higher than all the phonons and collective modes in YBCO. We now present NIR pump-induced change in THz regime in the superconducting state first.
Figure 2 (a) displays the decay procedure of the maximum absolute value of pump-induced change, |∆Ẽ max |/E peak , after excitation at 1.28 µm by a fluence of 1 mJ/cm 2 . Roughly a 7% maximum relative change is seen at 3 ps after excitation (red dash line). Then the signal decays by nearly half within 40 ps before reaching a metastable state. We define the time zero at the position where |∆Ẽ max |/E peak starts to change. Figure 2 (b) shows the pump induced relative change ∆Ẽ(t, τ)/E peak in the superconducting state at several different time delays. At τ = 3 ps, i.e. the maximum position of |∆Ẽ max |/E peak , a fast-damping oscillation displays. An oscillation can be observed unambiguously at τ = 9 ps, with the oscillating period around 1.5 ps, accompanied by the decay of |∆E max |/E peak . Both |∆E max |/E peak and the oscillation get attenuated at τ = 40 ps. The depression and recovery procedure of Josephson plasmon mode after excitation can be seen more clearly in the evolution of peaks in energy loss function Im(-1/ε(ω)), as shown in Fig. 2 (e). In the static state, the JPE in reflectivity corresponds to a peak in energy loss function, plotted in grey lines. Upon exciting, the hight of the peak is severely suppressed and the peak re-emerges in lower energy scale after 9 ps. It deserves to mention that a broad bump at higher energy scale appears after excitation. In single-layer cuprates with only a uniform Josephson plasmon mode, a new longitudinal Josephson plasmon mode appears after excitation at 1.28 µm 16,17 as a new-emerging peak in energy loss function. But it seems not that case in YBCO for the bump is widespread without a specific energy scale. The development of broad feature is also clearly seen in σ 1 (ω), as shown in Fig. 2 (f) . The spectral weight of the broad feature is highest when with that in superconducting state. Firstly, the rise and decay time of |∆E max |/E peak is relatively short in normal phase as shown in Fig. 3 (a). In normal state of YBCO, |∆E max |/E peak rises to maximam position at 1.5 ps and decay to a metastable state within 10 ps. In contrast, it takes 3 ps for |∆E max |/E peak in superconducting state to reach its maximum and over 40 ps to stabilize. The shorter rising time might be related to the melting of charge density wave order in underdoped cuprates 24, 25 . Secondly, the pump-induced change of reflected electric field is significantly smaller in normal phase compared with that in superconducting state at the same pump fluence, which is 1.3% and 8.2%, respectively. Thirdly, the damped oscillation with an oscillation period of 1.5 ps observed in the superconducting state at 5 K disappears completely in the pump-induced change ∆Ẽ(t, τ) , and the time duration of ∆Ẽ(t, τ) is only 3 ps in normal phase, as shown in Fig. 3 (b). represents the most significant photo-induced change. And the static reflectivity at 40 K and 300K
are also plotted in dashed lines for reference. A slight enhancement at lower energy scale and suppression at higher energy scale in transient reflectivity can be seen in transient R(ω, 1.5ps), which is not in coincidence with reflectivity at 300 K so the heating effect of pump pulses can be excluded. Figure 3 (e) shows the relative change of transient reflectivity ∆R(ω, 1.5ps)/R(ω) at two different time delays. The pump-induced signal |∆E max |/E peak survives even above room temperature, 350 K, as shown in Fig. 3 (f) . There is no essential difference between ∆R(ω, 1.5ps)/R(ω) at 300 K ( Fig. 3 (g) ) and that at 40 K ( Fig. 3 (e) ) except for the magnitude. Temperature dependence of |∆E max |/E peak and "edge size" of the edge-like shape (the difference between the maximum and minimum of ∆R(ω, 1.5ps)/R(ω)) are shown in Fig. 3 We also performed MIR pump-THz probe experiments on YBCO in superconducting and normal states as shown in Fig. 4 , in which the MIR pump pulses are tuned to 15 µm, resonating with the apical-oxygen-related phonon. The rise and decay procedure of |∆E max |/E peak is exactly the same after the excitation of MIR and NIR pump pulses, no matter in superconduting and normal phase, as shown in the left panel of Fig. 4 . For MIR pump, |∆E max |/E peak decays to the metastable state with relatively smaller value compared with NIR pump, which may result from less quasiparticles excitation by MIR pump pulses. In superconducting phase, the transient relative change of reflectivity ∆R(ω, 1.5ps)/R(ω) after excitation of MIR and NIR pump (Fig. 4 (b) ) are qualitatively the same, showing a suppression of reflectivity below the static plasmon edge and an enhancement above the edge. Both MIR and NIR pump pulses turn to drive YBCO into a metastable state with JPE at lower energy scale and some incoherent quasiparticles along c-axis, which can be seen in the inset of Fig. 4 (b) . In normal phase, an edge-like shape can be observed in both MIR and NIR pump cases. The effect of the multilayer model used to calculate transient reflectivity actually is the amplification of photo-induced signal. So the calculated pump-induced change will get more significant when the penetration depth of pump pulses gets more inconspicuous than that of probe one (Find in Appendix C). In YBCO, the penetration depths of NIR and MIR pump pulses are 1.3
and 4 respectively (See also in Appendix C). As a result, the calculated photo-induced change is larger in the NIR case even the raw experimental data ∆E(t, τ)/E peak are nearly the same, especially in superconducting phase. That explanation of those experimental results cannot be supported by our experiments, although the transient reflectivity at maximum NIR pump-induced position looks the same. This is because the transient reflectivity at subsequent time delays depicts a re-emergence and recovery precedure of the static JPE, which indicates that suppression of the static JPE upon exciting is a more plausible explanation. As a result, the Bruggeman's effective medium model is not applicable in superconducting state.
The present work enables us to address two crucial issues with respect to the photo-induced transient superconductivity. The first one is whether or not phonon resonant pumping is essential for the photo-induced effect? In the last few years, mode-selective optical control became particularly attractive because it is argued to base on MIR pumping. The coherent excitation of certain phonon mode can suppress the charge order and simultaneously enhance superconductivity in cuprates. It has motivated many theoretical studies in this direction [7] [8] [9] [10] [11] [12] [13] . Since we find qualita-tively the same effect by NIR and MIR pumping, phonon pumping could be essentially ruled out.
As we emphasized above, the measured raw data are similar in magnitude, the enhanced effect by NIR pumping is mainly due to the difference of penetration depth mismatch. In earlier measurement, it was reported that the photo-induced effect would be reduced when the energy of pump pulse deviates from the phonon mode frequency. Since the penetration depth has a minimum just at the phonon mode, the reduced effect may be related to the enhanced penetration depth when the pump pulse energy is tuned away from the phonon mode.
The second important issue is whether or not the observed phenomenon in the normal state could be attributed to photo-induced transient superconductivity? Our measurement indeed confirms the presence of photo-induced edge-like shape by both NIR and MIR excitations. However, the edge shape is rather weak in the calculated reflectance ( Fig. 3 (d) ) but can be clearly seen in the relative change of ∆R(ω, τ)/R as shown in Fig. 3 and We elaborated above that our measurement results are not compatible with the non-homogeneous excitations in the superconducting state, then there is no reason that the non-homogeneous excitations could be present in the normal state. On this basis, we can not attribute the observed edge-like shape to the transient superconductivity which gives rise to a JPE in the normal state.
The observed upturn should be linked to the quasiparticle excitations, nevertheless its physical origin needs to be further explored.
In summary, we observed a strong pump-induced spectral change in the terahertz frequencies, predominantly near the energy scale of JPE below T c . The Josephson edge is almost removed upon initial photo excitations, indicating a collapse of superconducting condensate. After a short time delay we observe the reappearance of a JPE at frequency lower than the static JPE, whose feature becomes more pronounced and shifts slightly to higher energy scale with evolution of time delay. Meanwhile, incoherent quasiparticle excitations develop in frequency regime above the static plasma edge. Above T c , a much smaller pump-induced effect is detected. A weak edgelike shape develops in the reflectance spectrum and sustains even above room temperature. In addition, we find very different time scale for achieving the maximum pump-probe signal between T<T c and T>T c . We elaborate that weak edge structure above T c is unlikely to be explained by the photo-induced transient superconductivity. In addition, there is no substantial difference between the near-and mid-infrared pump cases both in superconducting and normal state, which indicates that phonon pumping as a scenario for the photo excitation effect can be excluded. the pump-induced signal with a lock-in amplifier. More details about difference frequency generation for MIR pump beam and the time-domain THz experimental setup are presented elsewhere 30 .
Appendix B: Determination of static optical reflectance spectrum in low frequency at 5 K
The optical reflectance spectra in normal state along c-axis of YBCO is almost featureless with only a slight upturn below 100 cm −1 , e.g. R 40K (ω), which can by determined by our FTIR spectrometers going down to the lowest measurement frequency 15 cm −1 directly, as shown in Fig.   1 (a) . At 5 K below T c , in order to measure Josephson plasmon edge precisely, a teraherz (THz) time-domain spectrometer is used. The reflected THz electric fieldẼ 5K (t) andẼ 40K (t) (Fig. 1 (b)) are measured by the spectrometer, and the amplitudes ofẼ 5K (ω) andẼ 40K (ω) can be obtained after doing Fourier transformation ( Fig. 1 (c) ). Two different calculation methods are used to maintain the accuracy. The first method uses this equation:
to determine R 5K (ω). And the second is based on complex reflected coefficientr(ω): two methods are almost in coincident with each other, as shown in (Fig. B1) . The second method is used in the main text. The optical constants at 5 K is obtained by Kramers-Kronig transformation method, after jointing R 5K (ω) measured by THz spectrometer and FTIR together, in order to avoid the phase sensitivity in THz reflection geometry.
Appendix C: Multilayer model for Transient Optical Constants Calculation
The penetration depth of incident light can be estimated by the imagine part of complex refractive index, obtained by broadband reflectivity spectra of YBCO along c-axis after doing KramersKronig transformation, as shown in Fig. C1 (a) . In our pump-probe experiments, two selective wavelength are used to interrogate the pump-induced change of THz regime. MIR pump pulses are tuned to 15 µm (667 cm −1 ) and NIR pump pulses to 1.28 µm (7810 cm −1 ). The penetration depths of those two pump pulses are 4 µm and 1.3 µm respectively as shown in Fig. C1 (a). In contrast, the penetration depth in THz regime are widely greater than 20 µm and even above. That non-negligible mismatch of the penetration depth of pump and probe pulses results in the reflected probe field containing a mixed response of both pumped and unpumped portions of the compound. In order to disentangle those two portions and to obtain the authentic pumpinduced change of optical properties, we use a multilayer model assuming that unpumped region lies beneath the pumped region.
When electromagnetic wave, whose wavelength is λ 0 in vacuum, propagates in a non-magnetic layer with a thickness of z, the characteristic matrix M(z) can be written as
where θ 0 is the angle of incidence and k 0 = 2π/λ 0 . In a stratified medium as a pile of homogeneous thin films, it is assumed that many homogeneous thin layers with evolvingñ stack together along the direction of propagation z. If each layer is thin enough, the characteristic matrix of each layer can be written as 
There may exist two roots for the quadratic equation according to the quadratic formula. The way to pick a reasonable solution is to maintain the real part ofñ =ñ 0 + ∆ñ positive, for the calculated results should keep in line with the definition of physical quantities.
To check the reasonability of the multilayer model, we now compare the calculated results with different l p . If the penetration depth mismatch between pump and probe pulses is neglected, the probed region will be seen as being uniformly pumped, which is defined as "bulk model". The transient reflectivity can be calculated using the second method in Appendix B:
whereẼ (ω, τ) is the Fourier transformation ofẼ (t, τ) =Ẽ 5K (t) + ∆Ẽ(t, τ).
Figure C1 (b) shows the calculated transient reflectivity at 9 ps after the excitation of 1.28
µm pump by a fluence of 1 mJ/cm 2 using bulk model and multilayer model. The pump-induced change, i.e. reflectivity being suppressed below the static edge and enhanced at higher energy scale. The pump-induced effects will get weaker if we assume a deeper penetration of pump pulses, as shown in Fig. C1 (c) . When l p is assumed to be 100 µm, which is comparable with the penetration depth of probe, the results calculated using multilayer model seems nearly the same with that using bulk model. That validates the application of the multilayer model we use.
Appendix D: Determination of the relative phase
As presented in Appendix A, two choppers work independently in the time-domain THz spectroscopy system. So the relative phase between static reflected electric fieldẼ 0 (t) and the pumpinduced change at selective time delay ∆Ẽ(t, τ) is unable to know directly. To determine the relative phase, we use the definition of pump-induced change:
∆Ẽ(t, τ) =Ẽ pumped (t, τ) −Ẽ 0 (t) whereẼ pumped (t, τ) is measured in the same way asẼ 0 (t) but with pump light shedding on the sample. The relative phase of ∆Ẽ(t, τ) can be determined by that method in superconducting phase, for the pump-induced signal is large enough. But for ∆Ẽ(t, τ) in normal phase, E pumped (t, τ) − E 0 (t) may be disguised by fluctuations at THz peak position.
A double modulation technique is further used for determining the relative phase of ∆Ẽ(t, τ) in normal state of YBCO. Two choppers is directly triggered by the Ti:sapphire laser system, whose repetition rate is 1 KHz. Pump beam and THz probe beam are modulated at 250 and 500 Hz respectively by those choppers. A multichannel high-speed data acquisition card (DAQ) is used to read out the electro-optic sampling balanced detectors 32 . In that configuration, there will be four different cases (A, B, C, D) if the phase of the two choppers are correctly set, as shown in Fig.   D1 . Signals can be read out by DAQ only in case A and C, i.e.Ẽ pumped (t, τ) andẼ 0 (t), every four pulses. To distinguish those two different signals read out by DAQ, the phase between chopper I and chopper II should be fixed using a reference, on which difference betweenẼ pumped (t, τ) and E 0 (t) is significant enough to be distinguished.
For YBCO at 5 K, the difference betweenẼ pumped (t, τ) andẼ 0 (t), i.e. ∆Ẽ(t, τ), is over 5% of E peak , which can be resolved by the DAQ detection method even the signal to noise ratio is relatively miserable. According to the results measured by the lock-in method presented in Appendix A, the phase of chopper I and chopper II can be fixed to meet the specific condition illustrated in Fig. D1 . Then, the phase of ∆Ẽ(t, τ) in normal state of YBCO can be determined.
